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Abstract: We compared measured wave aberrations in pseudophakic
eyes implanted with aspheric intraocular lenses (IOLs) with simulated
aberrations from numerical ray tracing on customized computer eye
models, built using quantitative 3-D OCT-based patient-specific ocular
geometry. Experimental and simulated aberrations show high
correlation (R = 0.93; p<0.0001) and similarity (RMS for high order
aberrations discrepancies within 23.58%). This study shows that full
OCT-based pseudophakic custom computer eye models allow
understanding the relative contribution of optical geometrical and
surgically-related factors to image quality, and are an excellent tool for
characterizing and improving cataract surgery.

©2016 Optical Society of America

OCIS codes: (110.4500) Optical coherence tomography; (200.4560) Optical data
processing; (220.1010) Aberrations (global); (330.7326) Visual optics, modeling.
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1. Introduction

Ocular aberrometry has become a standard tool in research and in the clinic to measure
the optical quality of the eye, and its changes with aging [1], accommodation [2, 3] and
with surgical interventions (i.e. LASIK [4], intraocular lens (IOL) implantation surgery
[5, 6], keratoconus and Intracorneal Ring Segment (ICRS) implantation [7], etc...).
Furthermore, new refractive produces and, more specifically, the availability of a large
number of IOL options hold promise for a customized intervention, adapted to the
patient’s needs. There is an increasing number of IOLs available aiming at modifying the
patient’s wave aberrations, targeting correction of both refractive error and some high
order aberrations (i.e. spherical aberration, such as in aspheric designs, or aiming at the
increase of depth-of-focus in presbyopic-correction IOLs). However, these efforts have
not in general been paralleled by a sophistication of the methods to select the most
suitable IOL, or to predict the optical quality outcomes. Generally, the methods to
calculate the power of the IOL to be implanted are based on paraxial regression formulae,
based on population averages [8]. Furthermore, simulations of the optical performance of
new IOL designs either generally assume diffraction-limited optics in the eye, or simple
eye models [9] that are based on average anatomic data across the population and
numerous simplifications (i.e. centered optics rotationally, symmetric optical surfaces,
etc...). The suitability of custom eye models to improve the predictability of cataract
surgery has been acknowledged. Several authors have presented the use of non-paraxial
eye models for improved selection of the IOL to be implanted, in particular, for the
calculation of IOL power with higher accuracy than regression-formulac [10-13].
Customized eye models have also been shown to accurately reproduce measured high
order aberrations, when constructed using the anatomical parameters of individual
patients [14, 15]. These models are instrumental in understanding the relative contribution
of the patient’s corneal topography, IOL design, IOL tilt and decentration, and foveal
misalignment, and as platforms to test what optical performance would have resulted if
the eye had been implanted with a different IOL design. Typically, the anatomical
parameters of the eye to build these eye models are obtained from various instruments
(Placido Disk corneal elevation maps; Purkinje imaging IOL tilt, decentration and foveal
position, IOL design provided by the manufacturer) [14, 15]. Recently, quantitative OCT
imaging has shown to be a powerful technology to obtain quantitative 3D optical
biometry and geometry in individual eyes [16], providing, from a single instrument, all
the ocular anterior segment information needed to build a custom pseudophakic model
eye.

Quantitative OCT anterior segment imaging requires correction of fan distortion
(arising from the scanning architecture) and optical distortion (due to the refraction in the
optical surfaces) [17], as well as dedicated image processing routines [16]. The technique
has demonstrated to provide accurate corneal topographies, crystalline lens topographies
[18-20], 3D optical biometry pre- and post-operative cataract surgery [16] and tilt and
decentration of IOL and/or crystalline lens [21]. In addition, previous work has shown
that ray tracing through OCT-based corneal topographies allows computation of corneal
aberrometry, showing high degrees of agreement with total aberrometry in a group
keratoconic eyes pre- and post- implantation of intrastromal corneal ring segments [7].
Also, 3D biometric quantitative anterior segment OCT in patients with accommodating
IOLs [22] shows good correspondence with certain aberration terms measured on the
same eyes: i.e. the observed axial shifts with accommodative demand are in good
agreement with the measured shifts in defocus, or the increased amounts of IOL tilt with
the measured increased coma [22].

In this work we present a customized model eye fully based on OCT 3D geometrical
data in patients implanted with IOLs. Comparison of the geometry of IOL ex vivo samples
to the IOL geometry measured in vivo will serve as additional further support of the
quantitative potential of the 3D anterior segment OCT. Experimental measurements of
ocular aberrations on these eyes will be compared with estimates of ocular aberrations
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from numerical ray tracing using a customized model eye from individual OCT
measurements of post-operative corneal topography, anterior chamber depth, IOL
geometry, IOL tilt and decentration and foveal misalignment. This study will allow
validation of the accuracy of OCT-based customized eye models to predict measured
aberrations, and to investigate the contribution of the different components to overall
image quality in eyes with IOLs, thus demonstrating the capability of quantitative 3D
anterior segment OCT to estimate optical aberrations, and its potential to assess post-
operative optical quality in pseudophakic eyes. These validations will be a first step into
investigating the potential for OCT-based model eyes to become the reference for ray
tracing based IOL selection (pre-operatively) and to understand mechanisms of operation
and optical outcomes of premium IOLs.

2. Methods
2.1. Patient, surgery and measurements

Three eyes (2, OS; 1, OD) of two patients (64 and 78 years old) implanted with IOLs
from two different manufacturers (Akreos AO M160, Bausch and Lomb, Rochester, New
York, US; CT Asphina 409M, Zeiss, Jena, Germany) were measured three months after
cataract surgery. Standard phaco-emulsification intracapsular cataract surgery had been
performed by a single surgeon at Fundacion Jiménez Diaz Hospital (FJD) with 2-mm
corneal incisions (temporal in OD and nasal in OS). Table 1 shows the patients’ clinical
profile and details on the implanted IOLs. Total wave aberrations were measured using a
custom-developed Laser Ray Tracing (LRT) system [23]. Anterior segment geometry
(cornea, iris and IOL) was measured using a custom-developed spectral Optical
Coherence Tomography (OCT) [24]. Measurements were done under mydriasis (2.5%
phenylephrine). LRT measurements were done under foveal fixation, and OCT
measurements were done at the off-axis fixation that aligns the pupillary axis with the
optical axis of the instrument. Experimental protocols were approved by Institutional
Review Boards at FJD and CSIC. Patients signed informed consent after the nature of the
study had been explained to them. All protocols followed the tenets of the Declaration of

Helsinki.
Table 1. Patients’ clinical profile and details on the implanted IOLs

Male/ ACD AL 0L Post-op Post-op
Subject Age Lens implanted

Female (mm) (mm)  Power  Spherical Error Cylinder/axis
S1-OD Male 78 Akreos,Bausch+Lomb ~ 4.31+0.02  23.35 20D -0.50 -1.75 /100
§2-08 Female 64 Asphina IOL, Zeiss 3.80+0.01 23.08  20.5D +0.25 -1.00/85
$3-08 Male 78 Akreos,Bausch+Lomb ~ 4.48+0.02  23.28  21.5D +1.25 -1.25/90

2.2. 3D anterior segment optical coherence tomography (OCT)

Briefly, the spectral OCT set-up [24] is based on a fiber-optics Michelson interferometer
configuration with a superluminescent diode (A0 = 840 nm, AA = 50 nm) as a light source
and a spectrometer consisting of a volume diffraction grating, and a CMOS camera as a
detector. The effective acquisition speed is 25000 A-Scans/s. The axial resolution given
by the coherence length of the OCT is 6.9 um. The axial range is 7 mm in depth, resulting
in a theoretical pixel resolution of 3.4 um. Measurements were collected in a 10 x 10 mm
area, and consisted of a collection of 50 B-scans composed by 300 A-scans. This aspect
was analyzed in depth in a previous study, where we measured consecutively the cornea
with decreasing acquisition times (from 2.0 s to 0.5 s) and found that measurements
below 0.8 seconds were stable, preventing the need for applying motion distortion
artifacts that we developed for that matter, in most cases [20]. In this study, we used a 0.6
s acquisition speed in a dense, regular and homogeneous sampling which was deemed to
provide an appropriate balance between resolution and speed for repetitive measurements
and did not require the implementation of motion compensation by software [20].
Measurements were obtained while the subject fixates on a minidisplay that projects a
20/20 Snellen E-letter stimulus. A Badal system compensates for the spherical error of the
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patient. The stimulus is moved across the display to change the eye’s fixation angle, so
that the optical axis of the instrument is aligned with the pupillary axis [19]. For foveal
fixation the iris appears asymmetrically tilted (Fig. 1(a)), whereas for the selected fixation
the iris appears flat (Fig. 1(b)) in the continuous horizontal and vertical cross-sectional
views of the anterior segment used during alignment. The off-axis position of the fovea
(angle lambda, A) is calculated from the eye rotation between both alignments. Sets of 3D
images of the anterior segment were captured approximately 5 seconds after blinking.

S#1 0D

(a) (b) (c)

Fig. 1. Acquisition at two different foci (cornea and lens) (a) Vertical cross-sectional
scans of a patient’s cornea while fixating foveally, i.e. along the line of sight; (b) Vertical
cross-sectional scans of a patient’s cornea, while fixating eccentrically, i.e. pupilary axis
aligned with the OCT optical axis (c) Vertical cross-sectional scans of the IOL implanted
in patient. Typical image acquisitions are obtained with the alignment as in (b) and (c).
The yellow line indicates the iris plane, used for merging. Images are for subject SI#0D.

The system is provided with fan and optical distortion correction, which compensates
for the distortions produced by the scanning architecture of the instrument [25] and the
distortion produced by the refraction from the preceding optical surfaces [17, 26, 27]. The
automatic image processing tools for denoising, segmentation, clustering, merging, and
biometric and IOL alignment measurements have been described in detail before [16, 19].
The quantification capabilities of the instrument have been demonstrated with artificial
model eyes with known dimensions, ex vivo and in vivo measurements, and comparisons
with other instruments (videokeratoscopy, Scheimpflug, Purkinje imaging, and non-
contact profilometry) [14, 27, 28].

Anterior and posterior corneal elevation maps, corneal thickness, and anterior
chamber depth were obtained from 3D OCT as described in earlier publications [19].
Anterior and posterior corneal elevation maps were fit by 6th order Zernike polynomials.
For comparison, anterior and posterior corneal topographies were also obtained from
Pentacam Scheimpflug topographer (Oculus, Inc., Lynnwood, WA). IOL tilt and
decentration was obtained using the OCT-based method described by Sun et al. [21].

2.3. Ex vivo IOL geometry: non-contact profilometry

The geometry of the IOLs (Akreos 20D, 21.5D, Bausch + Lomb; Asphina 20.5D, Zeiss)
was characterized ex vivo using microscopy-based noncontact profilometry (Sensofar,
PLu2300, Barcelona, Spain) with 0.1-um nominal vertical precision (on rigid samples).
De-hydration effects on these IOLs with high water content (25-26%) decrease the
effective precision. Repeated measurements on these lenses revealed repeatability in the
apex measurement of 5 um. Both anterior and posterior lens surface topographies were
measured in a 5.5x5.5 mm range (50x50 points, 0.11 mm steps). The IOL surface profiles
were fitted by conics [29].
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2.4. Customized eye models

OCT-based elevation data from both anterior and posterior corneal surfaces, anterior
segment distances, IOL geometry and alignment data, angle lambda, and axial length
from IOLMaster (Carl Zeiss AG, Jena, Germany) were exported to ZEMAX (Radiant
ZEMAX; Focus software, Tucson, AZ, USA), where the custom model eyes were built.
Refractive indices of cornea, aqueous humour, vitreous humour, Akreos IOLs and
Asphina IOLs were 1.376, 1.337, 1.337, 1.458 and 1.460 respectively, at 555nm.

Wave aberrations were calculated in the pupil plane by tracing an array of 64x64
collimated rays through the eye surfaces within a central 5-mm pupil diameter area, at
555 nm. Figure 2 illustrates the computation of aberrations from OCT data, i.e. ray
tracing calculation on OCT distortion-corrected corneal and IOL surfaces. Data are

analyzed in terms of Zernike terms and retinal image quality metrics (MTF and Visual
Strehl [30]).

(2) Full OCT-based pseudophakic custom computer
eye model

Corneal Surfaces:

: 1OL Surfaces:
Anterior Corneal Posterior Comeal|
T T

(3) Virtual Ray Tracing (Zemax) vs.
q;ilneg:r-r Laser Ray Tracing (LRT)
segment) Measueed simaoted
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Fig. 2. Tllustration of the computation of aberrations using quantitative OCT geometrical
data in a customized computer pseudophakic eye model.

2.5. Total aberration measurements: laser ray tracing (LRT)

Total wave aberrations were measured using custom Laser Ray Tracing, described in
detail in a previous study [31]. In brief, an infrared (785-nm) laser beam sampled 37
positions across the pupil sequentially in a hexagonal sampling pattern while a charge-
couple device (CCD) camera recorded the corresponding aerial images of light reflected
off the retina. The sampling pattern was adjusted by software to fit a 5S-mm pupil centered
at the pupil center. Prior to the measurement, the patient adjusted his/her subjective
refraction using a Badal optometer, while viewing a stimulus on a minidisplay placed on a
retinal conjugate plane. Ray aberrations were obtained by estimating the deviations of the
centroids of the retinal spots images corresponding to each entry pupil location with
respect to the reference (chief ray). These deviations are proportional to the local
derivatives of the wave aberrations. Maximum energy exposure was 6.8 uW. All
measurements were done under foveal fixation of a Maltese cross. Wave aberrations were
fitted by 6th order Zernike polynomial expansions, with ordering and normalization
following OSA standards [32]. Computations of the Modulation Transfer Function from
the wave aberrations were performed using standard Fourier Optics. Root Mean Square
(RMS) wavefront error and the MTF were used as optical quality metrics.
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3. Results

3.1. OCT-based anterior segment geometry in pseudophakic eyes

Table 2 shows anterior and posterior corneal shape (radii of curvature calculated from the
best-fit sphere over 6-mm diameter and some relevant Zernike terms from the polynomial
fitting to the corneal elevation maps) and biometry (3D OCT Corneal thickness, and

Anterior Chamber Depth).

Table 2. Individual OCT-based biometrical and geometrical data used in the
computer model eyes. Data are shown as average + standard deviation of repeated

Anterior corneal radius (mm)"

measurements
S#1 OD S#2 OS S#3 OS
7.74+0.16 7.67+0.19 7.77+0.18

z2: 119.6+58.9

72 148£0.05

7} .120.5+60.5

72 110£0.14

z2 .118.4+59.2

721358033

Z): zZ): Z):
3°0.214+0.07 30 0.424+0.69 3°0.134+0.35
Anterior corneal elevation 7. 7 7
selected Zernike values (um)*: 3 °-0.33+0.68 30 0.40+0.11 30 -0.12+0.19
ZJ . Z} . Z3 .
3°-0.36+0.19 30 -0.37+0.18 30 -0.13+0.01
-3, =3 . -3 .
2700042012 570715036 % 0.13+0.13
0. 0 (U
Z4:0.93:0.88 247 0744032 247 0.65£0.97
Posterior corneal radius (mm)* 6.28+0.14 6.18+0.13 6.36=0.13

7214724712

72 .-10.85+1.33

72 15162779

752 :-5.4242.04

7214724736

7;2:-9.80£0.01

231013059 Z370210.60 %3 00.46£0.97
Posterior corneal elevation z 0365131 Z L 005110 z 0665164
selected Zernike values (um)*: ’ : ’ : : :
20030050 217 0226023 2 0.01:081
Z7:040:067 % 0642013 4 io120£024
Z0:00£0.07 240 280132 ZiF 0704059
Corneal Thickness (mm) 0.53+0.01 0.57+0.01 0.53+0.01
ACD (mm) 4.3120.02 3.800.01 4.48%0.02
IOL thickness (mm) 0.91+0.01 1.01£0.01 0.8520.05

* from the corresponding best-fitting sphere

Figure 3 shows OCT-based anterior and posterior corneal elevation maps in all 3 eyes,
centered at the pupil center, and for 6-mm pupil diameters. For comparison, corneal maps
from Pentacam obtained on the same eyes using the same pupil reference and analysis are
also shown. The RMS difference in corneal elevation between instruments is less than
0.04 mm and 0.06 mm, for anterior and posterior surfaces, respectively. In all eyes,
astigmatism appears to be the dominant term in the posterior corneal maps, with 19.6%
average difference in magnitude and 6.5 deg difference in axis between OCT and

Pentacam topographies.
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Fig. 3. Anterior and posterior corneal topographic maps from Pentacam (upper panel) and
OCT (lower panel). OCT-based maps were used in the computer eye models. Data are for
6-mm pupil.

Table 3 shows measurements of eye rotation, and IOL tilt and decentration (horizontal
and vertical components) for each eye. The tilt and decentration nomenclature and sign
conventions correspond to those published in prior publications (for an illustration of the
convention see Fig. 7 in Rosales et al. 2008 [33]).

Table 3. Eye rotation and IOL tilt and decentration data from OCT-based Purkinje-
like methods. Data are average + standard deviation of 5 repeated measurements.
Rotation/tilt X stands for rotation/tilt around the horizontal axis; Rotation/tilt Y
stands for rotation/tilt around the vertical axis. Decentration X/Y stands for
horizontal /vertical decentration.

Visual axis S#1 OD S#2 OS S#3 OS
Eye rotation X
-1.33+0.46 -1.83+0.38 -0.14+0.27
(degree)
Eye rotation Y
4.13£0.21 -3.55+0.58 -2.43+0.78
(degree)
IOL tilt X (degree) -2.224+0.49 1.07+0.41 -2.46+0.26
IOL tilt Y (degree) -0.26+0.39 -1.75+0.85 -1.20+0.35
IOL decentration X
0.01+0.06 -0.61+0.05 0.05+0.02
(mm)
IOL decentration Y
-0.12+0.19 0.19+0.16 -0.32+0.14

(mm)

3.2 Comparing OCT-based IOL geometry in vivo with profilometry ex vivo

Comparison of the IOL geometry measured in vivo (OCT) and ex vivo (non-contact
profilometry) serves as a further validation of the accuracy of the OCT (provided with
distortion correction algorithms and analysis tools). Table 4 compares the radii of
curvature and asphericity values for anterior and posterior IOL surfaces from profilometry
and OCT, and the estimated IOL power from these values, compared to the nominal IOL
power. The mean differences between the radii of curvature measured by profilometry ex
vivo and OCT in vivo are 0.40 + 0.28 mm (96.83% agreement), and for the asphericity
2.17 £ 1.64 (17.96%). The geometrical differences between techniques result in less than
0.44 D difference between the IOL power estimated from profilometry and OCT, and less
than 0.22 D between the OCT based IOL power estimates in vivo and the nominal IOL
power.
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Table 4. Anterior and posterior radius of curvature (R), asphericity (Q) from
profilometry and OCT, and the IOL power estimated from profilometry and OCT.

OCT-based data were used in the computer eye models.

S#1 OD S#2 0S S#3 0S
R (mm) 0 R (mm) o R (mm) 0
Anterior  Profilometry  10.55£0.06  -0.03£0.11  11.90+0.17  -0.24+0.05  10.00+0.28 -0.3+0.11
1oL OCT 11.00£0.10  -4.56+0.08  11.51£0.11 -2.63+1.62 10.05+0.18  -1.44%0.23
Posterior  Profilometry ~ 13.53+0.5 -1.09+0.14  12.90+1.92  -0.5+0.64  12.80+3.01 -0.440.11
I0L OCT 14.2+0.05 -0.05+0.40 12.17+3.9 00.8+0.41 12.9£0.33 -3.99+0.80
Nominal 20D 20.5D 21.5D
I0L
Profilometry 20.4D 20.8 D 21.7D
Power
OCT 199D 20.8 D 21.8D

3.3 Ocular aberrations: laser ray tracing, vs. computer ray tracing on custom model eye

Figure 4 shows examples of measured (first column) and simulated (column 2-5) wave
aberrations in three subjects (S#1 OD, S#2 OS, and S#3 OS) for (a) 2nd and higher order
aberrations excluding tilt and defocus and (b) for 3rd and higher order aberrations, for 5-
mm pupil diameters. Anterior cornea stands for wave aberration of the eye with only the
anterior corneal surface; Cornea total stands for the wave aberration of the eye with a 2-
surface cornea, without the IOL; Cornea + IOL stands for the wave aberration of the eye
with the IOL assuming that the IOL is perfectly aligned with respect to the pupillary axis;
Corneal + rot/dec IOL stands for the wave aberration of the eye with the IOL tilted and
decentered according to the measured tilts and decentrations.
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Fig. 4. Measured (LRT, 1st column) and Simulated (from OCT-based geometry/biometry,
2nd —5th columns) wave aberration maps in three pseudophakic Simulated aberrations
include wave aberration maps for the anterior cornea alone (2nd column); anterior and
posterior cornea (3rd column); eye wave aberration with IOL assuming no tilt and
decentration (4th column); eye wave aberration with IOL with no tilt/decentration (5th
column). (a) Wave aberration maps including astigmatism (no tilt or defocus); (b) Wave
aberrations for 3rd and higher order; Data are for 5-mm pupil, and for foveal fixation, i.c.
including eye rotation.

The eyes are rotated according to angle A in order to incorporate the line-of-sight
misalignment. In general, the corneal wave aberration map shows many of the relevant
features of the measured wave aberrations.

Figure 5 compares RMS wavefront error for different Zernike orders and terms for the
LRT-measured eye aberrations, for the cornea (anterior only or total cornea), for the total
eye assuming that the IOL is centered, and for the total eye with the real tilt and
decentration with measured total aberrations. The discrepancy between the measured and
real aberrations is less than 14.33% (0.15 um) for astigmatism, and less than 21.43%
(0.03 um) for spherical aberration. In contrast, the larger differences occur for trefoil (in
Subjects 1 and 3), coma (in Subject 3) and tetrafoil (in all Subjects). On average, the
discrepancies for RMS for astigmatism and higher order aberrations and RMS for high
order aberrations alone are 0.12 pm and 0.08 um, respectively.
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Fig. 5. (a) RMS Astigmatism; (b) RMS Spherical Aberration; (c) RMS Trefoil; (d) RMS
Coma; (e) RMS Tetrafoil, for anterior corneal RMS (blue bars), total corneal RMS (red
bars), simulated total eye RMS assuming centered IOL (green bars), simulated total eye
RMS assuming real IOL tilt/decentration (purple bars); and experimental (LRT) total eye
aberration (light blue bars).

Figure 6 shows the linear correlations between total measured and simulated Zernike
terms (astigmatism and high order aberrations) for the three eyes. There is a highly
statistically significant correlation between the LRT-measured Zernike coefficients and
those simulated from computer eyes model that incorporate all measured geometrical
parameters (average slope = 0.82 + 0.12; average coefficient of correlation R = 0.93 +
0.05; p<0.0001). The correlations, although statistically significant, are lower between the
LRT-measured Zernike and the anterior corneal Zernike terms (average slope = 0.69 +
0.21; average coefficient of correlation R = 0.73 + 0.05; p<0.0001); the LRT-measured
Zernike and the entire cornea (anterior + posterior) corneal Zernike terms (average slope
= 0.92 + 0.23; average coefficient of correlation R = 0.88 + 0.03; p<0.0001); and similar
to the correlations between LRT-measured Zernike terms and simulated total aberrations
from computer eye models assuming centered IOLs (average slope = 0.87 + 0.1; average
coefficient of correlation R = 0.94 + 0.04; p<0.0001). Incorporating posterior cornea and
IOL clearly improves the correlation, however including IOL tilt and decentration has
only a minor impact (as also reported by Rosales and Marcos OE 2007 [14]).
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Fig. 6. Linear correlations between measured and simulated Zernike coefficients
(astigmatism and 3rd and higher orders) in (a) S#1 OD; (b) S#2 OS; (c) S#3 OS; (d)
combining data from the three subjects (72 points). Data are for 5-mm pupil diameters.

3.4 Corneal/IOL compensation

Comparison of the corneal aberrations to total aberrations (Fig. 5) allows evaluating
compensatory effects between optical elements for different terms. We did not find a
compensation of anterior corneal astigmatism by the posterior corneal astigmatism: in
fact, total corneal astigmatism was higher than anterior corneal astigmatism in all three
eyes (by 24.56% on average). In contrast, the posterior cornea consistently partially
compensated anterior corneal spherical aberration (by 25.71%, on average) and coma (by
15.88%, on average). Consistently with aspheric IOL designs [6, 34], the IOLs
compensated spherical aberration (by 72.14%, according to the simulations; and by
77.06%, by comparison of corneal and experimentally measured total aberrations) and
coma (by 63.88% / 56.97%, on average).

3.5 Effect of IOL tilt and decentration on optical quality

The impact of the measured IOL tilt and decentration on optical aberrations appears to be
minor, as revealed by the small differences in the simulated aberrations with the IOL
aligned with the pupillary axis and those incorporating the real IOL tilt and decentration
(0.04 pm for astigmatism and 0.04 um for coma, on average in Fig. 5(a) and 5(d)). In
fact, the presence of IOL tilt and decentration resulted in a slight decrease in the RMS in
all three eyes (by 10.84% in RMS for astigmatism and higher order terms, on average).
To further compare simulations and predictions, and analyze the effect of IOL tilt and
decentration on optical quality, we computed the corresponding MTFs (radial profiles) for
astigmatism and higher order terms (Fig. 7(a)) and 3rd and higher order aberrations (Fig.
7(b)), from wave aberrations simulated with centered IOLs, and IOL with real
tilt/decentration, and from LRT-measurement.
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Fig. 7. (a) MTFs (radial profiles) for astigmatism and higher odder terms (b) MTFs (radial
profiles) for 3rd and higher order aberrations, for LRT (blue lines), IOL with no
tilt/decentration (green lines) and IOL with real tilt/decentration (purple lines). Data are
for the three subjects, for 5-mm pupils.

The presence of IOL tilt/decentration improved optical quality (Visual Strehl) by
8.21% on average (Fig. 8).
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Fig. 8. (a) Corresponding Visual Strehl with Astigmatism and 3rd and higher order
aberration (b) Corresponding Visual Strehl with 3rd and higher order aberration without
Astigmatism (green bars present Simulation with IOL centered, purple bars present
simulation with IOL tilt and decentration, blue bars present LRT).

4. Discussion

We have presented a customized computer eye model, using individual geometrical data
in eyes with intraocular lenses obtained from quantitative 3D anterior segment Optical
Coherence Tomography (OCT). The model predicted the wave aberrations measured in
the same eyes with Laser Ray Tracing aberrometry within 0.12 pm accuracy (RMS for
astigmatism and high order aberrations, for 5-mm pupils).

The geometrical quantification capabilities of the OCT and their accuracy, presented
in previous works [16], allows exact ray tracing on computer eye models using this
geometrical information, provided that the refractive indices of the cornea and intraocular
media are known. Pseudophakic eyes are simpler than phakic eye models as the refractive
index of the IOL material is known from the specifications of the manufacturer.
Knowledge of the Abbe number of the IOL material would allow extrapolating the index
of refraction from the visible to other wavelengths (i.e., IR typically used in wavefront
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sensing). Nevertheless, chromatic effects are primarily of impact on defocus, and not high
order aberrations [35, 36], which explains the good correspondence between LRT and
simulated values, even if measurements were done in IR and simulations in green (i.e.,
the wavelength for which the indices of refraction of the IOL materials were available). In
contrast, in phakic eyes the crystalline lens exhibits a patient/age-dependent Gradient
Index Distribution [37, 38]. Computer eye models had been presented before [14, 15],
using biometric information gathered from multiple devices (anterior cornea from Placido
disk topography; tilt and decentration from Purkinje imaging apparatus; anterior chamber
depth from slit lamp; axial length from low coherence interferometer). We found an
average coefficient of correlation R = 0.93 between measured and simulated aberration.
This compares with average coefficient of correlation R = 0.82 in Rosales and Marcos
[14] and average coefficient of correlation R = 0.88 in Tabernero et al. reports [15].

Our study shows the capability of building computer eye models from information all
obtained simultaneously with the same OCT system. Although our system did not have
sufficient range to measure the axial length of the eye (and this information was obtained
using low coherence interferometer on another device), different methods have been
proposed to extent the range of OCT to allow for axial length measurements. These
methods include a dual OCT system rapidly flipping between anterior and posterior
segment imaging and MEM-based swept source OCT [39, 40].

The measurement of ocular aberrations in pseudophakic eyes allow assessment of the
overall optical performance [5]. Customized eye models in combination with the actual
measurements of ocular aberrations can be used to identify the relative importance of
each factor. Our results in eyes implanted with aspheric IOLs show the compensation of
part of the positive spherical aberration of the cornea with the IOL (by 66.43-85.89%).
This is in agreement with the compensation reported with aspheric IOLs from different
manufacturers (i.e. the Acrysof IQ (Alcon) by 66%) [34]. Very interestingly, as shown by
Marcos et al. [34], aspheric IOLs also do appear to compensate for coma, particularly
horizontal coma. We found a coma compensation of 59.43% with Asphina, and Marcos et
al. [34] a compensation of 87% with Acrysof and Tecnis Aspheric IOLs. This
compensation arises by a passive mechanism, from the combination of positive spherical
aberration in the cornea and negative internally, and eye rotation, producing coma of
opposite signs in the cornea and lens. Also in agreement with previous conclusions based
on customized computer eye models [14], IOL tilt and decentration appear to play a
minor role in the optical quality of the eye.

Previous customized computer eye models revealed a major role of the cornea in the
ocular aberrations of the pseudophakic eyes, which also occurs in the three eyes of our
study. However, generally those computer models did not incorporate real posterior
corneal elevations (i.e. Rosales et al. [14] used a typical spherical posterior surface,
Tabernero et al. [15] used a one-surfaced cornea). Several authors found a compensatory
role of the anterior corneal astigmatism by the posterior cornea (14% in Dunne et al. [41]
and 31% in Dubbelman [42]). Age-dependence changes of the anterior corneal
astigmatism (i.e. astigmatism changes from with-the-rule to against-the-rule with age)
may alter this balance. We did not find a lower total corneal astigmatism than that of the
anterior corneal alone, suggesting no compensation in the three eyes of the study.
Interestingly, the astigmatic axes of the anterior and posterior cornea do not appear
aligned in all cases (Fig. 4, relative angles ranging from 2.3 to 56.7 degree). Axis
misalignment of the anterior and posterior corneal astigmatism has been reported before
[43] as well as misalignments in the astigmatic axes of the anterior and posterior
crystalline lens surfaces [18, 44]. We did find consistent compensation by the posterior
cornea of the anterior corneal spherical aberration and of anterior coma. The large
differences in trefoil and tetrafoil might be explained by the larger fitting area of corneal
surfaces in the 6-mm area while LRT was obtained for 5-mm pupil diameters.

The capability of OCT-based computer eye customized models to predict the
measured aberrations post-operatively with a given implanted IOL opens the possibility
to use those models as platforms to evaluate pre-operatively potential results with other
IOLs, to optimize the selection of the IOL and improve optical outcomes. Given the
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changes induced by small-incision cataract surgery on corneal aberrations, the model
could be further refined by incorporating those induced aberrations to the pre-operative
cornea to better reflect the post-operative corneal elevation maps. Marcos et al. [45]
reported consistent significant changes in vertical astigmatism, trefoil and tetrafoil in
patients in post-operative corneas of patients with superior 3.2-mm incisions. Neglecting
intersubject and/or meridional variability in the corneal biomechanical response to the
incision, these values could be incorporated on the appropriate Zernike terms in the
model. Adjustments may be needed for different incision sizes for the clinical relevance
for smaller incision sizes and physiological pupil diameters in probably minor.

OCT-based custom computer eye models are also applicable to the optimization of the
IOL power calculation, using virtual ray tracing on these eyes. Ray tracing IOL power
calculation overcomes many limitations of current IOL power selection techniques. These
are typically based on regression models obtained for a large patient population, as
opposed to the individualized approach based on customized eye models. Pre-operative
measurements of anterior and posterior corneal surface overcome the limitations of the
standard IOL power calculations which only make use of anterior corneal keratometry
and the so-called keratometric index. Future analysis of the pre-operative anterior
segment anatomy and crystalline lens from 3D OCT quantitative imaging will allow
better predictions of the estimated lens position. Similarly to the comparisons between the
measured and simulated high order aberrations addressed in the current study validations
of the IOL power selections will involve comparisons of measured and predicted
aberrometric defocus and/or refraction.

In summary, OCT-based customized computer eye models are excellent predictive
tools of the optical quality in pseudophakic eyes, allow understanding the factors that
contribute to optical degradation and hold promise to become a primary tool to optimize
the selection of the IOL to be implanted in a cataract procedure.
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